introduction
============

The cortical collecting duct (CCD)^1^ plays an important role in Na^+^ reabsorption and K^+^ excretion as evidenced by the fact that Na^+^ reabsorption and K^+^ secretion are finely regulated and controlled by several hormones, such as aldosterone and vasopressin ([@B22]; [@B21]; [@B2]). Na^+^ reabsorption and K^+^ secretion are two-step processes that involve several transport proteins such as ion channels and Na-K-ATPase ([@B28]; [@B21]; [@B8]). Changes in channel activity or turnover rate of Na-K-ATPase may have a profound effect on K^+^ secretion and Na^+^ reabsorption in the CCD ([@B29], [@B30]). Three functions are served by basolateral K^+^ channels. First, they participate in generating the cell membrane potential. Since K^+^ secretion and Na^+^ reabsorption are electrogenic processes, alteration of cell membrane potential has a significant effect on K^+^ secretion and Na^+^ reabsorption. It has been found that inhibition of the basolateral K^+^ conductance with Ba^2+^ reduced the Na^+^ reabsorption rate ([@B23]). Second, the K^+^ channels in the basolateral membrane are involved in K^+^ recycling across the basolateral membrane ([@B4]), this recycling being important for maintaining the function of the Na-K-ATPase. Inhibition of K^+^ recycling diminished the short circuit current, an index for active Na^+^ transport, in frog skin ([@B34]). Finally, the basolateral K^+^ channels provide a route for K^+^ entering the cell under conditions, such as hyperaldonism, in which the cell membrane potential exceeds the K^+^ equilibrium potential.

Three types of K^+^ channels, large conductance (\>198 pS), intermediate conductance (85 pS), and small conductance (28 pS), have been found in the basolateral membrane of the CCD ([@B12]; [@B37]; [@B38]). The 28-pS K^+^ channel is predominant in the lateral membrane of the CCD in rats on either a normal or high potassium diet ([@B20]). In contrast, the 198-pS K^+^ channel is predominant in the basolateral membrane of the CCD in the rats on a low sodium diet ([@B12]). The small-conductance K^+^ channel (SK) is activated by nitric oxide via a cGMP-dependent pathway ([@B20]), but is insensitive to ATP ([@B37]).

It is well established that the basolateral K^+^ conductance is closely correlated with the activity of the basolateral Na-K-ATPase and Na^+^ transport across the apical membrane ([@B14], [@B15]; [@B11]). Inhibition of the apical Na^+^ channels with amiloride reduced the basolateral K^+^ permeability in the toad urinary bladder ([@B3]). Horisberg and Giebisch (1988*a*) have further shown that inhibition of Na-K-ATPase reduced basolateral K^+^ conductance. On the other hand, stimulation of Na^+^ transport has been shown to increase the basolateral K^+^ conductance ([@B32]; [@B1]). Such "cross talk" between the apical Na^+^ transport and the basolateral K^+^ conductance is important in maintaining salt and water transport and ion concentration in the intracellular milieu ([@B26]). The mechanisms of cross talk have been extensively explored and several candidates, including changes in pH, Ca^2+^, and ATP, for mediating the feed-back between apical Na^+^ transport and basolateral K^+^ channels, have been identified ([@B11]). In the present study, we investigate the role of NO in linking activity of the basolateral K^+^ channels to apical Na^+^ transport.

methods
=======

Preparation of Rat CCD
----------------------

The CCDs were isolated from kidneys of pathogen-free Sprague-Dawley rats purchased from Taconic Farms Inc. (Germantown, NY) and the animals kept on either a normal rat chow diet or a high K^+^ diet. The kidneys were removed immediately after killing and thin coronal sections were cut with a razor blade. The CCD was dissected in HEPES-buffered NaCl Ringer solution containing (mM) 140 NaCl, 5 KCl, 1.5 MgCl~2~, 1.8 CaCl~2~, 5 glucose, and 10 HEPES (pH 7.4 with NaOH) at 22°C and transferred onto a 5 × 5 mm cover glass coated with "Cell-Tak" (Collaborative Research Inc., Bedford, MA) to immobilize the tubules. The cover glass was placed in a chamber mounted on an inverted microscope (Nikon Inc., Melville, NY) and the tubules were superfused with HEPES-buffered NaCl solution. The CCD was cut open with a sharpened micropipette and intercalated cells were then removed to expose the lateral membrane of principal cells. The temperature of the chamber (1,000 μl) was maintained at 37 ± 1°C by circulating warm water around the chamber.

Patch-clamp Technique
---------------------

We used a patch-clamp amplifier (200A; Axon Instruments, Foster City, CA) to record channel current. The current was low pass filtered at 1 kHz using an 8-pole Bessel filter (902LPF; Frequency Devices Inc., Haverhill, MA) and was digitized at a sampling rate of 44 kHz using a modified PCM-501ES pulse code modulator (Sony Corp., Park Ridge, NJ) and stored on videotape (SL-2700; Sony Corp.). For analysis, data stored on the tape were transferred to an IBM-compatible 486 computer (Gateway 2000, Sioux Falls, South Dakota) at a rate of 4 kHz and analyzed using the pClamp software system 6.03 (Axon Instruments). Channel activity is defined as *nP* ~o~ and no efforts were made to determine whether alterations of channel activity were due to changes in channel number (*n*) or channel open probability (*P* ~o~). The *nP* ~o~ was calculated from data samples of 30--60-s duration in the steady state as follows: *nP* ~o~ = Σ(*t~1~* + *t* ~2~ +\...\...*t~n~*), where *t~n~* is the fractional open time spent at each of the observed current levels.

Measurement of Intracellular Ca^2+^
-----------------------------------

Fluorescence was imaged digitally with an intensified video imaging system including a SIT 68 camera, controller, and HR 1000 video monitor (Long Island Industries, North Bellmore, NY). The exciting and emitted light passed through a 40× fluorite objective (NA = 1.30; Nikon Inc.). The microscope was coupled to an alternating wavelength illumination system (Ionoptix, Milton, MA). Digital images were collected at the rate of 10 ratio pairs/ min and analyzed with Ionoptix software (Ionoptix, Milton, MA).

The CCD was loaded with the fluorescent dye Fura-2 AM (5 μM) (Molecular Probes, Inc., Eugene, OR) at room temperature (22°C) for 30 min. At the end of the incubation period, the tubules were washed with the Ringer solution and transferred to a new cover glass coated with Cell-Tak. The cover glass was transferred to a chamber and the tubules were incubated for an additional 15 min before experiments. Three to seven cells were selected for each experiment. Dye in the tubule was excited with light of 340/380-nM wavelengths using a 75-W xenon source, and emission was recorded at 510 nM. The Ca^2+^ ~i~ was measured from the ratio of fluorescence at excitations of 340/380 nM and calculated using the equation described by [@B9]: Ca^2+^ ~i~ = \[(*R* − *R* ~min~)/(*R* ~max~ − *R*)\] × (*F* ~max~/*F* ~min~) × *K* ~d~, where *R* is the measured ratio of emitted light, *F* ~max~ is the fluorescence at 380 nM with 0 mM Ca^2+^ bath solution, *F* ~min~ is the fluorescence at 380 nM with 2 mM Ca^2+^ bath solution, and *K* ~d~ = 225 nM for the Fura-2--calcium binding.

Measurement of Intracellular Na^+^ Concentrations
-------------------------------------------------

The same set-up used for measuring Ca^2+^ was employed to measure intracellular Na^+^. The split-open CCD was loaded with the fluorescent dye SBFI-AM (7 μM) and 0.001% pluronic acid (Molecular Probes, Inc.) at room temperature (22°C) for 60 min. At the end of the incubation period, the tubules were washed with the Ringer solution and transferred to a new cover glass coated with Cell-Tak. The cover glass was transferred to a chamber and the tubules were incubated for an additional 15 min before experiments. Three to seven cells were selected for each experiment. Dye in the tubule was excited with light of 340/380 nM wavelengths using a 75-W xenon source, and emission was recorded at 510 nM. Intracellular Na^+^ was measured from the ratio of fluorescence at excitations of 340/380-nM wavelengths. Fluorescence ratio was calibrated in situ by permeabilizing cells with 10 μM ionophore, lasalocid (Sigma Chemical Co., St. Louis, MO), and altering the Na^+^ concentration of the bath at the end of each experiment.

Experimental Solution and Statistics
------------------------------------

The pipette solution contained (mM): 140 KCl, 1.8 MgCl~2~, 1 EGTA, and 10 HEPES (pH 7.40 with KOH). The bath solution for cell-attached patches and for fluorescence measurements was composed of (mM) 140 NaCl, 5 KCl, 1.8 CaCl~2~, 1.8 MgCl~2~, 5 glucose, and 10 HEPES (pH 7.40 with NaOH) under control conditions. The Ca^2+^-free bath was achieved by removal of Ca^2+^ and addition of 1 mM EGTA. To study the effect of Ca^2+^ on channel activity, the intracellular Ca^2+^ concentrations were clamped with 1 μM ionomycin when extracellular free Ca^2+^ was titrated to 10, 50, and 100 nM, respectively. Ionomycin, 8-bromoguanosine 3′: 5′-cyclic monophosphate (8Br-cGMP), L-arginine, and *N*-acetyl-penicillamine were purchased from Sigma Chemical Co. *S*-nitroso- *N*-acetyl-penicillamine (SNAP) was obtained from Calbiochem Corp. (La Jolla, CA), and 5-(*n*-ethyl-*n*-isopropyl)amiloride (EIPA) was obtained from LC laboratory (Woburn, MA). Ionomycin, SNAP, and EIPA were dissolved in pure ethanol (Ionomycin and SNAP) or DMSO (EIPA). The final concentration of ethanol or DMSO in the bath was 0.1% and had no effect on channel activity. The chemicals were added directly to the bath to reach the final concentration.

Data are shown as mean ± SEM and paired Student\'s *t* test was used to determine the significance between the control and experimental periods. Statistical significance was taken as *P* \< 0.05.

results
=======

Fig. [1](#F1){ref-type="fig"} is a representative recording made in a cell- attached patch showing the effect of 50 μM amiloride on the activity of the SK. It is apparent that addition of amiloride decreased the activity of the SK. In 10 experiments, we observed that 50 μM amiloride decreased *nP* ~o~ from 2.1 ± 0.2 to 1.3 ± 0.1 within 3--5 min (Fig. [2](#F2){ref-type="fig"}). The effect of amiloride was fully reversible and wash-out restored the channel activity. In addition to inhibiting Na^+^ channels, amiloride blocks Na/H exchange. To exclude the possibility that the effect of amiloride was the result of inhibiting the Na/H exchanger, we examined the effect of EIPA, an agent that specifically inhibits the Na/H exchanger without blocking Na^+^ channels ([@B10]). Fig. [2](#F2){ref-type="fig"} shows that addition of 50 μM EIPA had no significant effect on the SK in cell-attached patches (*n* = 5). To confirm further that the effect of amiloride on the SK was the result of inhibition of the Na^+^ channels, we investigated the effect of benzamil, a specific Na^+^ channel inhibitor ([@B17]). Fig. [3](#F3){ref-type="fig"} shows that application of 1 μM benzamil mimicked the effect of amiloride and reduced channel activity in cell-attached patches by 38 ± 5% (*n* = 8). The notion that the effect of benzamil is the result of blocking Na^+^ transport is further indicated by experiments in which addition of 1 μM benzamil significantly reduced intracellular Na^+^ concentration from 15 ± 2 to 11 ± 2 mM (*n* = 5) (Fig. [4](#F4){ref-type="fig"}).

Since EIPA failed to mimic the effect of amiloride, the role of intracellular pH in mediating cross talk in the CCD is largely excluded. It is also unlikely that ATP is involved in mediating the effect since the basolateral K^+^ channels are not sensitive to ATP. To examine the role of Ca^2+^, we studied the effects of amiloride on the SK in a Ca^2+^-free bath solution and the results are summarized in Table [I](#TI){ref-type="table"}. Removal of extracellular Ca^2+^ abolished the effect of amiloride since channel activity was not significantly different from the control value (110 ± 10%), whereas amiloride reduced channel activity by 39 ± 5% in the presence of Ca^2+^ (Fig. [2](#F2){ref-type="fig"} and Table [I](#TI){ref-type="table"}).

[@B24] found that amiloride decreased intracellular Ca^2+^. We have also examined the effect of amiloride on the intracellular Ca^2+^ in the absence and presence of extracellular Ca^2+^. Fig. [5](#F5){ref-type="fig"} *a* is one representative trace out of four experiments showing that addition of 0.5--1 μM amiloride significantly reduced intracellular Ca^2+^ from 75 ± 8 to 64 ± 5 nM. Also, Fig. [5](#F5){ref-type="fig"} *a* shows that removal of extracellular Ca^2+^ significantly reduced intracellular Ca^2+^ to 45 ± 5 nM, and, moreover, amiloride had no significant effect on intracellular Ca^2+^ in the absence of extracellular Ca^2+^. Although we observed only a modest (15%) decrease in the intracellular Ca^2+^ with 0.5--1 μM amiloride, a higher concentration of amiloride might result in a larger decrease. However, we were unable to use amiloride at higher concentrations since fluorescence emitted by amiloride at high concentrations interfered with the measurement. That the amiloride-induced small decrease in intracellular Ca^2+^ is due to incompletely inhibiting Na^+^ channels is supported by experiments in which adding 1 μM benzamil reduced intracellular Ca^2+^ by 30% from 82 ± 7 to 57 ± 6 nM (Fig. [5](#F5){ref-type="fig"} *b*). The observation is consistent with the results reported by [@B6].

Data supporting the notion that the decrease in intracellular Ca^2+^ is responsible for the effects of inhibiting Na^+^ transport on the SK were obtained from experiments in which the effects of Ca^2+^ on the SK were investigated. We used 1 μM ionomycin to clamp the intracellular Ca^2+^. Fig. [6](#F6){ref-type="fig"} *a* is a representative recording showing the changes in intracellular Ca^2+^ in the presence of 1 μM ionomycin when the extracellular Ca^2+^ increased from 10 to 50 nM. Fig. [6](#F6){ref-type="fig"} *b* is a representative recording showing the effect of raising Ca^2+^ on channel activity in a cell-attached patch. It is apparent that the increase in intracellular Ca^2+^ to 50 nM significantly stimulates the SK. Fig. [7](#F7){ref-type="fig"} shows a relationship between the channel activity and intracellular Ca^2+^ obtained from eight experiments. Raising intracellular Ca^2+^ to 50 and 100 nM increases the *nP* ~o~ (0.9 ± 0.3, control value) by 105 ± 11 and 190 ± 15%, respectively. Thus, data strongly indicate that a decrease in intracellular Ca^2+^ is responsible for the effect of inhibiting Na^+^ transport.

Having proposed that Ca^2+^ is involved in mediating the effect of inhibiting Na^+^ channels on the SK, we explored the mechanism by which intracellular Ca^2+^ modulates channel activity. The effect of Ca^2+^ is not direct since in excised patches we did not find significant changes in channel activity when the Ca^2+^ concentration was increased from 0 to 100 nM (data not shown). Moreover, an increase in Ca^2+^ to 1 μM inhibited the SK and led to channel run-down in excised patches (data not shown). Thus, our data strongly suggest that the effect of Ca^2+^ is indirect and mediated by a Ca^2+^-dependent pathway. Our previous study had demonstrated that NO stimulated the SK via a cGMP-dependent pathway ([@B20]), and we recently found that neuronal NOS (nNOS) is expressed in the CCD ([@B39]). Since nNOS activity has been shown to depend critically on intracellular Ca^2+^ in the physiological range of Ca^2+^ concentration (50--250 nM) ([@B18]), we examined the possible role of NO in mediating the effect of inhibiting apical Na^+^ transport. Fig. [8](#F8){ref-type="fig"} shows the effect of SNAP, a NO donor, on channel activity that had been decreased by benzamil. It is apparent that addition of 10 μM SNAP reversed the benzamil-induced decrease of the channel activity.

Fig. [9](#F9){ref-type="fig"} summarizes the effect of SNAP on SK in the presence of either 50 μM amiloride or 1 μM benzamil. Both decreased channel activity (*nP* ~o~) from 2.1 ± 0.2 to 1.3 ± 0.1 (*n* = 12); however, application of SNAP restored channel activity (*nP* ~o~) to 2.25 ± 0.25 (*n* = 12), suggesting that the decrease in NO production may be responsible for the effect of inhibiting Na^+^ channels. We have previously shown that addition of 100 μM L-NAME ([l]{.smallcaps}-*N*  ^G^-nitroarginine methyl ester) blocked the SK channel ([@B20]). We have further extended our study to examine the effect of L-NAME in the presence of L-arginine. Fig. [10](#F10){ref-type="fig"} summarizes the results from such experiments, showing that application of 400 μM L-arginine abolished the effect of L-NAME. In addition, the effect of L-NAME can be reversed by 10 μM SNAP but not by *N*-acetyl-penicillamine (10 μM), the byproduct of SNAP, suggesting that the effect of SNAP results from NO release.

Since cGMP has been shown to mimic the effect of NO donors such as SNAP, we next investigated whether cGMP can reverse the effect of inhibiting apical Na^+^ transport. Fig. [11](#F11){ref-type="fig"} shows that addition of 100 μM 8Br-cGMP mimicked the effect of SNAP and reactivated the SK in cell-attached patches in the presence of benzamil. Fig. [12](#F12){ref-type="fig"} summarizes these results, showing inhibition of the Na^+^ channel--reduced *nP* ~o~ of the SK from 1.9 ± 0.4 to 1.2 ± 0.3 (*n* = 5), whereas addition of 100 μM cGMP restored channel activity (*nP* ~o~ = 2.0 ± 0.4). Moreover, the effect of cGMP and SNAP is not additive (data not shown), further supporting the notion that cGMP mediates the effect of NO.

The notion that NO may be involved in mediating the effects of inhibition of the Na^+^ channel is further supported by experiments in which addition of SNAP stimulated channel activity in the Ca^2+^-free bath solution (Fig. [13](#F13){ref-type="fig"}). Application of 10 μM SNAP caused a significant increase in channel activity (*nP* ~o~) from 0.5 ± 0.1 to 1.1 ± 0.2, suggesting that diminished NO formation associated with the decrease in intracellular Ca^2+^ is responsible for the effect of inhibiting Na^+^ channels.

discussion
==========

Three types of K^+^ channels have been found in the basolateral membrane of the rat CCD ([@B37]; [@B12]) and we confirmed previous observations that in rats on either normal or high potassium diet the SK is predominant in the lateral membrane of the CCD. Accordingly, the SK plays an important role in determination of cell membrane potential. We have previously shown that NO stimulates the SK channel via a cGMP-dependent pathway ([@B20]). This finding is further confirmed by results in experiments in which the effect of L-NAME was abolished in the presence of L-arginine, suggesting that the effect of L-NAME is the result of competing for NOS with the endogenous L-arginine in the CCD.

In the present study, we examined the effect of inhibiting Na^+^ transport on the SK to gain an insight into the mechanism by which apical Na^+^ transport is linked to the basolateral K^+^ conductance. Since it has been observed that cGMP stimulates basolateral K^+^ channels other than the SK ([@B13]), it is conceivable that the SK is not the only K^+^ channel that is involved in the cross-talk mechanism.

The present study confirms other investigators\' findings that the transepithelial Na^+^ transport is coupled to the basolateral K^+^ conductance ([@B14], [@B15]; [@B11]; [@B1]; [@B32]). The cross-talk mechanism by which the apical Na^+^ transport links to the basolateral K^+^ channel has been extensively explored and changes in intracellular ATP, pH, and Ca^2+^ have been suggested to be involved ([@B1]; [@B11]; [@B24]; [@B32]). ATP has been shown to play a key role in linking apical Na^+^ transport to the basolateral ATP-sensitive K^+^ channels in the proximal tubule cells of rabbit and rat kidneys ([@B32]; [@B16]; [@B1]), and in the principal cells of amphibian tight epithelial cells ([@B34]). However, since the basolateral K^+^ channel in the CCD is not sensitive to ATP, a role of ATP in linking apical Na^+^ transport to basolateral K^+^ conductance is largely excluded.

Intracellular pH has been demonstrated to play an important role in mediating the aldosterone-induced stimulation of basolateral K^+^ conductance in amphibian distal nephron cells ([@B33]; [@B35]). Application of aldosterone to stimulate the Na^+^ transport induces a significant alkalinization of intracellular pH and, accordingly, increases the basolateral pH-sensitive K^+^ conductance in the frog distal nephron. Although the basolateral K^+^ channels are pH sensitive, several lines of evidence indicate that the effect of amiloride is not the result of decreasing intracellular pH. First, EIPA, which selectively inhibits the Na/H exchanger but not Na^+^ channels, has no effect on the basolateral K^+^ channels. Second, benzamil, which is a specific Na^+^ channel blocker, reduces the activity of the SK. We also confirmed observations of [@B24] that inhibition of Na^+^ transport significantly reduced intracellular Na^+^ concentration. Finally, the effect of amiloride on the SK is abolished in a Ca^2+^-free bath solution, further suggesting that intracellular pH is not involved in mediating the effect of amiloride. In addition, [@B6] have shown that application of 10 μM amiloride has no effect on intracellular pH. Thus, it is unlikely that intracellular pH plays a significant role in mediating the effect of inhibiting the Na^+^ channels.

Three lines of evidence strongly suggest that Ca^2+^ is critically involved in mediating the effect on the SK of inhibition of the Na^+^ channels: first, the effect is correlated with a decrease in intracellular Ca^2+^; second, removal of Ca^2+^ abolishes the effect; and third, raising intracellular Ca^2+^ from 10 to 50 and 100 nM stimulates the SK. The amiloride-induced reduction of intracellular Ca^2+^ is presumably the result of an increase in the electrochemical gradient of Na^+^ that drives the Na/Ca exchanger. Removal of extracellular Ca^2+^ not only abolishes the Ca^2+^ influx, but also facilitates the extrusion of Ca^2+^ along its electrochemical gradient.

Although the present data indicate that the effect of inhibiting the Na^+^ channels on the activity of the SK is related to the decline of intracellular Ca^2+^, the effect of Ca^2+^ on the SK is not a direct action since Ca^2+^-induced increases in channel activity were absent in excised patches (data not shown). Moreover, the effect of raising Ca^2+^ from 10 to 100 nM is absent in the presence of 100 μM L-NAME (our unpublished observations), suggesting that the effect of Ca^2+^ is related to NO formation. Several lines of evidence suggest that NO could be responsible for mediating the effect of inhibiting Na^+^ transport. The constitutive form of NOS has been shown to be present in the kidney, including the CCD ([@B31]), and we have confirmed this using the reverse transcription--PCR and immunocytochemical methods ([@B39]). It is well established that the activity of nNOS dependents on Ca^2+^ in the physiological ranges (50--250 nM) and a decrease in Ca^2+^ significantly reduces the activity of nNOS ([@B18]). NO has been found to stimulate the activity of the SK by a cGMP-dependent pathway ([@B20]), and addition of NO donors or cGMP reversed the effect of inhibiting Na^+^ channels. Finally, NO donors mimic the effect of raising extracellular Ca^2+^ and increase the activity of the SK in a Ca^2+^-free bath. Taken together, these data suggest that inhibition of Na^+^ channels leads to reduction of intracellular Ca^2+^, which in turn decreases NO formation and inhibits basolateral K^+^ channels.

Ca^2+^ has also been found to play a key role in linking the apical K^+^ conductance ([@B36]) and Na^+^ transport to the activity of Na-K-ATPase ([@B7]; [@B27]; [@B19]). Inhibition of Na-K-ATPase decreased the open probability of the apical K^+^ channel in the CCD, and the effect of inhibiting the Na-K-ATPase was mediated by Ca^2+^-dependent PKC ([@B36]). Inhibition of the Na-K-ATPase has also been shown to decrease the basolateral K^+^ transference number, an index of the basolateral K^+^ permeability ([@B25]). This effect is believed to be mediated by raising intracellular Ca^2+^ ([@B24]). In the present study, we show that a decrease in intracellular Ca^2+^ leads to a decline in the activity of the basolateral K^+^ channels. Therefore, it is conceivable that the intracellular Ca^2+^ may have biphasic effects on basolateral K^+^ conductance. At a low concentration, an increase in intracellular Ca^2+^ activates the basolateral K^+^ conductance by stimulating the cGMP pathway. On the other hand, at a high concentration, intracellular Ca^2+^ may inhibit the basolateral K^+^ channels. Further experiments are needed to determine the precise relationship between intracellular Ca^2+^ and basolateral K^+^ channel activity.

Fig. [14](#F14){ref-type="fig"} is a cell model to illustrate the mechanism by which inhibition of apical Na^+^ channels reduces the activity of the SK. The blockade of the Na^+^ channels by amiloride/benzamil decreases intracellular Na^+^ concentration and reduces the turnover rate of the Na-K-ATPase since the activity of the Na-K-ATPase has been shown to be coupled to apical Na^+^ transport ([@B5]). Such a decrease in intracellular Na^+^ increases the electrochemical driving force for Ca^2+^/Na^+^ exchange and enhances the extrusion of intracellular Ca^2+^ from the cell. Since the activity of nNOS is Ca^2+^ dependent, a decrease in intracellular Ca^2+^ is expected to inhibit nNOS and reduce the formation of NO and cGMP. As a consequence, the activity of the basolateral small conductance K^+^ channels decreases.
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![Recording showing the effect of 50 μM amiloride on the activity of the SK in a cell-attached patch. The pipette solution contained 140 mM KCl and the bath solution was composed of (mM) 140 NaCl, 5 KCl, 1.8 MgCl~2~, 1.8 CaCl~2~, and 10 HEPES, pH 7.40. The pipette holding potential was 0 mV. The arrows indicate addition of 50 μM amiloride and its removal. The channel closed level is indicated by C and a dotted line. The top trace shows the time course of the amiloride effects. Four parts of the trace (*1--4*) are extended to display the detail of the channel activity.](JGP.7552f1){#F1}

![Effects of 50 μM amiloride (*n* = 10) and 50 μM EIPA (*n* = 5) on the activity of the SK in cell-attached patches. \*Data are significantly different from the control value.](JGP.7552f2){#F2}

![Recording showing the effect of 1 μM benzamil on the SK in a cell-attached patch. The pipette holding potential is −30 mV and the channel closed line is indicated by C. The trace (*top*) shows the time course of benzamil effects, and four parts of the trace (*1--4*) are extended to show the channel activity at a faster time resolution.](JGP.7552f3){#F3}

![The effect of 1 μM benzamil on intracellular Na^+^ concentration.](JGP.7552f4){#F4}

###### 

The Effects of Amiloride (50 μM) on the Activity of the SK in the Presence or Absence of Extracellular Ca^2+^

                                       Ca^2+^          zero Ca^2+^
  --------------------------------- -- ------------ -- --------------
  NP~o~ (control)                      2.1 ± 0.2       0.85 ± 0.1
  NP~o~ (amiloride)                    1.3 ± 0.1       0.93 ± 0.1
  Percentage of the control NP~o~          61 ± 6          106 ± 10
  *n*                                  10              5

![(*a*) The effect of amiloride (0.5 μM) on intracellular Ca^2+^ in the presence and absence of 1.8 mM Ca^2+^. The arrows indicate removal of extracellular Ca^2+^ (*0 Ca^2+^*) and addition of 1.8 mM Ca^2+^ (*Ca^2+^*). (*b*) The effect of amiloride (0.5--1 μM) and benzamil (1 μM) on intracellular Ca^2+^ (*n* = 4).](JGP.7552f5){#F5}

![(*a*) Changes in intracellular Ca^2+^ when extracellular Ca^2+^ was raised from 10 to 50 nM in the presence of 1 μM ionomycin. (*b*) Recording demonstrating the effect of raising intracellular Ca^2+^ from 10 to 50 nM. The intracellular Ca^2+^ was clamped with 1 μM ionomycin and the free Ca^2+^ concentration in the bath was titrated to 10 or 50 nM with 1 mM EGTA. The channel closed level is indicated by C and the pipette holding potential is −30 mV. The time course of the effect of Ca^2+^ is shown in the top panel. Three parts of the trace (*1--3*) are extended to show the channel activity at faster time resolution.](JGP.7552f6){#F6}

![The effect of intracellular Ca^2+^ on the activity of the SK. *nP* ~o~ obtained in the presence of 10 nM Ca^2+^ is defined as the control value. \*Data are significantly different from the control value. Ionomycin (1 μM) was used to clamp intracellular Ca^2+^ to 10, 50, and 100 nM (*n* = 8).](JGP.7552f7){#F7}

![A recording from a cell-attached patch showing the effect of 10 μM SNAP on benzamil-induced effects. The pipette holding potential was −30 mV. (*C*) The channel closed level. (*top*) Time course of the experiments and four parts of the trace (*1--4*) are displayed at faster time resolution.](JGP.7552f8){#F8}

![The effects of 50 μM amiloride/1 μM benzamil on the SK in the absence and presence of 10 μM SNAP. \*Data are significantly different from the control value. 50 μM amiloride or 1 μM benzamil was added to the bath at time 0 (*arrow*).](JGP.7552f9){#F9}

![Effects on the activity of the SK channel of L-NAME (100 μM) (*n* = 10), L-NAME + L-arginine (400 μM) (*n* = 5), L-NAME + SNAP (10 μM) (*n* = 10), and L-NAME + 10 μM *N*-acetyl-penicillamine (*NAPL*) (*n* = 5). Experiments were carried out in cell-attached patches.](JGP.7552f10){#F10}

![A recording from a cell-attached patch showing the effect of 100 μM 8Br-cGMP on benzamil-induced effects. The pipette holding potential is −30 mV and the channel closed level is indicated by C and a dotted line. (*top*) Time course of the experiments and four parts of the trace (*1--4*) are displayed at a faster time resolution.](JGP.7552f11){#F11}

![The effects of 50 μM amiloride/1 μM benzamil on the SK in the absence and presence of 100 μM 8Br-cGMP. \*Data are significantly different from the control value. 50 μM amiloride or 1 μM benzamil were added to the bath at time of 0 s (*arrow*).](JGP.7552f12){#F12}

![Recording showing the effects of 10 μM SNAP on the activity of the SK in a cell-attached patch. The bath solution contained 50 μM amiloride and zero free Ca^2+^. The arrow indicates the addition of SNAP. The top trace shows the channel activity at a slow time course and two parts of the trace are extended to display the details of the channel activity. The channel closed level is indicated by C and a dotted line. The pipette holding potential was −30 mV.](JGP.7552f13){#F13}

![A model of a principal tubule cell in the CCD illustrating the mechanisms by which inhibition of the apical Na^+^ transport reduces the basolateral K^+^ channel activity.](JGP.7552f14){#F14}
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